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CHAPTER 13 


UU 
fatigue and Fracture Mechanics 


jntroduction 


The term ‘fatigue’ 1s used to describe the failure of a material under a repeatedly applied 

less than the ultimate strength of the material. ‘Fracture mechanics’ is a generic term 
a the application of analytical and experimental methods to predict the behaviour of 
oe specimens and structures. Phenomena which have been modelled by fracture mechanics 
—— Pee brittle fracture, tearing, fatigue crack growth, stress corrosion cracking and 
i cane other chapters in this publication, the theory of fracture mechanics will not be 
ee here as it is almost impossible to present it in a shortened form while at the same time 
we. ‘t useful and understandable. It is not particularly complicated, but it does require some 
dedicated study, and one of the best introductory texts is that of Rolfe and Barsom (1977), whilst 
for fatigue Rollason (1977) and Gurney (1979) are recommended. This chapter, however, aims to 
provide the structural designer with simple and quick guidance on how to ASSESS the susceptibility 
of a ship’s structure to fatigue failure and the risk of fast fracture both during design and in 


service. 


2 For ship structures the most likely damage mechanism is fatigue. In mild steel to BS4360 
grade 43A brittle fracture could occur as a result of collision, severe slamming or weapon attack 
as discussed by Sumpter et al (1989). In tougher grades of steel, damage from these events 1s 
likely to be confined to local tearing. Experience shows that, even In grade 43A steel, fracture 
under normal wave loading is unlikely, except at extreme combinations of low temperature, large 
crack size and high residual stresses adjacent to a weld. Fatigue on the other hand has been a 
frequently encountered problem. Fortunately, fatigue cracks advance ina relatively slow manner 
and are generally a nuisance rather than a serious risk to structural integrity. Ultimately, however, 
along fatigue crack could cause failure of a ship’s hull, and the best practice, as emphasised in this 


chapter, is to set stress levels so as to avoid the onset of fatigue cracking in all primary or critical 
structure, 


Use of S-N Curves 


Mi The basic principle in design against fatigue is the use of S-N (or ee. 

he mee range (S or G) to the number of cycles (N) of that stress to 1m! B ie begin Hs 

Pees 1s known as the endurance limit at N cycles; a typical set of padi f at .. 

igh ised Many tests in a large number of engineering materials have wi ” anne 
lish fatigue curves and are readily available, for example Boyer (1986) as well as Bo. 
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maid OF SUUCLUT a! ~1S : 5 IT im. For ferritic steels b elow 200 °C, titanium 
ind its alloys, magnesium and some aluminium-magnesium alloys a pe ear erature the S-N 
irves tend to become horizontal after at 07 cycles at a stress rang e which is ‘called the 
most non-ferrous metals Austenitic steels no definite fati sue limit is found, 






i veither does there appear to be a fatigue limit in complex wi ded steel st tructures or for steel in the 
: sence of seawater, even if the parent material exhibits such a imi. This is illustrated in the 


design curves given in BS5400 Part 10. It should be noted also that the Pedal ways considerable 
scatter 1 . the en Jurance limit va ues obteé ir d > ex eriment and als the u ald pa S-N curves in 
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materials can be treated in the same way, but in mz ari , cok D plication the applied 
y small p rtion of the rial str 1 » damage is nota 

res and matrix materials behave differently yin f fai te ‘the properties of the 
yarticularly important. In general, if f fibres are al igned with the principal 
eee KS very flé Nt stress conc os alba » marked reductions in 
cu urve with fa igu l 2! life not being greatly affected. 
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officien ney ; and t liability should be critical factors in structural design and the 
| Wes d to achiev e a 1 fatigue resistant structure should be balanced against the cost 
tional time ir nV olved i in carrying out essential and unprogrammed structural 
0 philosopt nies of fatigue design; the first, fail-safe, ensures that any local 
ent or “Teg. ion of structure does not result in total structural failure, and that the 
uted to other parts of the structure. The second, safe-life, means that local 
a fable and C ‘the design must be such that no significant crack growth occurs in the 
stl srvctre. There i is also a refinement of fail-safe design called damage tolerant 
s frac tur ire mechanics theory to check whether fatigue cracks will grow to be 
9 pro du uce unacceptable failures before they can be detected during periodic 


a js mainly applicable to structures such as pressure vessels and is 


[his process is oe 
Be, »p licati ons in surface ships, because the complexity of the calculations requ 
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16 = The constants in Zable 13,2 assume the Miner's summation adding to unity, but the fatigue 
endurance curves being adjusted downwards to the mean less two standard deviations to cover the 
scatter in results. The results of this process have been validated for the uptake and downtake 
openings in the upper deck of WHITBY and ROTHESAY Class frigates where a class problem 
became apparent, all ships of the classes exhibited cracks running from one or both of the holes at 
around 20 years life. The reference analyses the structure using finite elements to establish the 
stress pattern in the area and then checks the result against the allowable stresses. In this case, to 
achieve A proper comparison, the mean values of the constants A and b have been used (given for 
information in Zable 73.3), and within the broad spectrum that would be expected, it was shown 


that had the method been available when the ships were designed, fatigue cracking at about 15 to 
20 years would have been predicted. 


Table 13.3 
Mean Fatigue Curve Constants 


—_= ~~ se ee llr 


Design Detail Fatigue Curve Constants 
(Steel) 





Class A b 





2.34 x 10!5 4.0 
1.08 x 10'4 3.5 
3.99 x 10!2 3.0 
3.29 x 10!2 3.0 
1.73 x 10!2 3.0 
23 cL O14 3.0 
0.57 x 10!2 3.0 
0.37 x 10!2 3.0 


S2QyVrMOAD 


Parent Plate 
Steel BS4360 








grades 43A/43D 4.91 x 103° 10 

grade SOEE 8.90 x 1023 7 
Aluminium Alloy 

5083/0 9.92 x 10°? 26 


17 The figures for the constants for the classes of detail in Tables 13.2 and 13.3 assume a 
stress ratio R = 0, defined as the ratio of the minimum to maximum stress in the cyclic range. That 
is, as mentioned in paragraph 14, the stress range is assumed entirely tensile and the minimum 
stress is zero. For the parent plate, however, a symmetrical tensile to compressive range is more 
appropriate as residual stresses are small, and the constants in the tables are for R = -1. 


18 For the procedure described above to be valid it is essential that the extent of plasticity in 
the region surrounding the stress concentration is limited, and to ensure that this 1s so the average 
stress in the structure should not exceed 75% of the yield stress in either hogging or sagging. In 
practice the average stress should be much less than this value if the stress ranges in Table 13.2 
have any chance of being met, and a maximum stress range, under the extreme loads defined in 
Chapter 3, of about 300 MPa in steel is probably a good aim during design. 
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19 It should be noted here also that the stresses which must be derived in any analysis are 
those at the stress concentration, but nor the stress due to a weld profile or at a crack tip. The 
validation above is sufficient for holes in a structure but the method is not yet fully validated fo, 
stress concentrations in other areas such as around the ends of superstructures. In this case the 
stress required is that near to the toe of the weld at the junction between the deck and 
superstructure end, which is very difficult to find even using finite element analysis; in fact in ap 
idealised structure the stress in infinite, and so refining the finite element mesh gives progress. 
ively higher stresses which are meaningless, There are two approximations which can be used jn 
this situation. The first is based on the fact that the design fatigue curves which are appropriate to 
a superstructure end (Class F) were derived from tests on specimens with stress concentrations as 
illustrated in Figure 13.2, and the reference stress used was not the stress local to the stress 
concentration but the average stress applied to the specimen. This corresponds to the stress about 
10 plate thicknesses away from the stress concentration. It is therefore appropriate to enter the 
Class F curve with the stress at about this distance from a superstructure corner. An alternative 
approach is to use the so-called ‘hot spot’ stress method as recommended in design rules for node 
joints in offshore structures. This relates the stress at the likely point of failure, that is the toe of 
the weld, to a ‘hot spot’ stress fatigue design curve which is close to that for Class D. In 
calculating the ‘hot spot’ stress no account is taken of the weld geometry, and in an idealised finite 
element representation (ignoring the weld) the stress is approximately equal to the value at about 
one plate thickness from the corner. Current advice from Hugill and Sumpter (1989(a)) is that the 
‘hot spot’ stress for entry to the Class D curve should be taken at two thirds of the plate thickness 
from the corner. In any case, if there is any doubt as to the acceptability of such a joint under 
fatigue loading then specialists should be consulted, but if the rules for structural continuity given 
in Chapter 8 are followed, then the problem should at least be contained. 


Design Example 
20 ~=A ‘brief example illustrating the use of the joint classes and allowable stresses may be 


useful. Taking the upper deck structure from the example in Chapter 7, the design sagging stress is 
149.1 MPa (from Table 7.4); using the design bending moments from paragraph 3 of Chapter 7 
the design hogging stress is therefore 149.1 x 320/400 = 119.3 MPa and so the stress range is 


268.4 MPa. 





Dimensions in mm 





Figure 13.2 Class F Fatigue Specimen 
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21 If a flame cut hole with no welds in its vicinity exists in this deck, it is classified C in Table 
73.1 and from Table 13.2 the permissible stress range is 589 MPa. Reinforcement to the hole must 
therefore be designed such that the stress concentration factor is restricted to 589/258.4 = 2.2. 


22 Any butt welds across the deck will come under Classes D, E, F or F2 depending on how 
the weld 1s finished and whether there are steps in thickness or width. With the stress range of 
268.4 MPa, inspection of Table 13.2 shows that welds to Classes D, E and F are acceptable but 
that Class F2 welds in the deck would not be. 


Reliability Considerations 


23 _- Because of the statistical nature of the results achieved from any fatigue tests it is natural 
that the use of probability theory should have been considered to assist the designer, one of the 
earliest proposals being due to Orbeck (1969) who related the probability of failure to the number 
of overstressed crystals in the material. In subsequent years much research work is presented in 
the reports of the International Ship and Offshore Structures Congress, See, for example, the 
report of Committee III.2 (1988) which includes a large number of references and in particular 
draws attention to Wirsching and Wu (1985) for a summary of progress and later information 1s 
presented by Wirsching and Chen (1988). 


24 For convenience in analysis it is usually assumed that the value of b in equation 13.4isa 
constant for a particular material and joint configuration, but that the value of A is a random 
variable accounting for all the uncertainty in the process, and generally taken to be log-normal. 
Consequently the shift in the fatigue endurance curve from the mean to a design level (discussed 
in paragraph 17 and reflected in Table 13.2) can be defined in terms of b and of the mean and 
standard deviation of log; A, and the design level, as described above, is commonly taken as two 
standard deviations below the mean. This implies that about 2.5% of the data will fall below the 


design curve. 


ertainties beyond the material test data, the first being lack of 
of the curve, which is ill-defined in most cases. 
life and the environment met over that time, on the 
he use of Miner’s rule. Quantification of these 


25 —«‘ There are, however, other unc 
information at the low stress, high cycle end 
Additionally, there are uncertainties in service 


estimation of stress concentrations, and not least t 
uncertainties has involved much effort in recent years but still remains mostly in the research 


arena; the best information available for the use of designers may be found in White and Ayyub 
(1987), also in Madsen (1986) who discusses the use of the results of periodic inspections to 


update fatigue life predictions and so circumvent the uncertainties. 


26 It should be noted also that the value of o in equation 13.3 contains three parameters, P., 
ny and Mg, all of which involve considerable uncertainties, and which are therefore carried over 
into the acceptable stresses given in Table 13.2. In any particular design case, if a more reliable 
value of o can be substantiated, then the acceptable stresses should be modified accordingly. 
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noted in paragraph 2, brittle fracture is unlikely under normal wave loading, but in 
the seriou s consequences of extensive unstable crack propagation, every precaution must 

s possible occurrence. The most effective defence is to use steels and weld 
locations where brittle fracture would be dangerous. 
terials for the whole outer hull envelope of 
r better will avoid significant 


‘0 avoid i 
s with certified toughness at all 
tially means specifying defect tolerant ma 
n sresent evidence the use of steel to BS4360 grade 43D o 
le fracture in plate less than 25 mm thick, but care should be taken to ensure that all 
tL res at least match the parent plate in toughness. At plate yield stress levels of not 
0 MPa. | 1is should not be a problem, but particular attention should be paid to any 
res involving a high deposition rate of weld metal. Such innovations 

sting reproducing exactly the welding parameters 

°C should be less than 50%. In important cases 


' ite 
‘abe orocec U 7 
measure the critical toughness factor Kyc at the 


ays be subjected to weld procedure te 
in the ship. Charpy cry stallinity at 0 

ing shoulc be supplemented by tests to 
strain rat ea nd temperature. 


ae } 


| Ta: ; ughness. Kyo! 
Su DR ae ; ° I ne strain fracture [0 
Ne hould not be confused with Kjo the critical pla Ml conditions. 
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31. +The following parameters are recommended for determination BK isin 
described more fully by Sumpter et al ( 1989). The minimum required toughness Procedures 
conditions is such that Kj, 2 150 MPa vm. » Oder thes, 
Test temperature 0°C 

3 x 104 MPa Vm/s 


Rate of increase of K 
Thickness of specimen As structural thickness 


Geometry Three point bend test 
Dimensions of specimen Width = 50 mm 
Span = 200 mm 


Crack depth = 25 mm. 





32 To determine whether there is any risk of brittle fracture from a crack found ; 
first necessary to ascertain the type of material adjacent to the crack tip. If the plate Z SeTVice it is 
BS4360 grade 43D or equivalent or better (see Chapter 5) and is less than 25 mm thi Spee to 
significant risk. If the crack is close to a weld but is in plate material, including the} oe 
zone, there is still little risk. If the crack appears to be in the weld itself then safet is ae 
because of sparsity of data on weld properties. In this case, or if the plate Bea sto hea 
grade 43A or equivalent with no certified toughness, then the following procedure tho * eal 

* used, 


33 Calculate the elastic stress intensity factor, either exactly using finite element analycj. 
a eet acks an: Hage 13.8 using an applied stress of 100 MPa if the crack is re ois 
wr ee Ries oe Se AD piped to zt weld (to allow for residual stress). If the value of K 
RT aie Pit a m there will be some risk of brittle fracture under adverse 
ie ives f ple storm conditions combined with low temperatures. A temporary rep: : f 
crack should be made by drilling a hole at its tip as described in paragraph 36. = 


Survey and Repair 


34 Ra 

Part 2 ep nae ae ee ae discussed in more detail in Chapter 16 and in NES15) 
surveying a structure, the surveyor ane RNP mt at in the context of fatigue cracks. In 
at any structural discontinuity, such as always have in mind the possibility of fatigue cracking 
bridge front, and at the ener of an peter? the ends of superstructures and especially the 
sbcuieawhere thence ite ail fi O a in main structure. Cracks are also likely in minot 
the bridge front. y by main structure, for example in minor bulkheads below 


35 ~— Cracks di davithh. 
significant meee, i eee roid soni always be repaired, and if the ship has 4 
complete fatigue damaged area rae > ue BC pal should be undertaken by cutting ou! the 
depend on circumstances, but should in acing it with new plate. The extent of replacem®? " 
the vicinity even if erin spies include plate around all significant stress concentrations ; 
plates is never satisfactory, as it c ot yet commenced at some of them. Repair by fitting double! 
serves to cover up the d peayes a joint with a much worse fatigue classification and 
amage, which will continue to grow; such a repair is only eyitable 


only 
for 
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epair is r ot feasible then the best approach is to locate the crack tip (by 
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| or Son ble method, as the crack tip is rarely 
ye), and to drill a hole through to eliminate the crack tip. The hole should 

me or a little larger than the plate thickness. The performance will then be 

tis fitted i nto the hole and torqued up so that it is almost yielded: the effect 

lyi enn h compression through the thickness so that any applied tensile 

large eff ective tensile stresses in the region of the defect. Using this 

Re 
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rocesses are described by Allen et al 


t plate being very large, Suitable p 


é locally can be increased by up to a factor of four as described by Hugill 
ve 


»)), 4s well as having the advantage of restoring watertightness. 
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